
NASA 
Tech n ica I 
Paper 
2721 

July 1987 
Static Internal Performance 
of a Two-Dimensional 
Convergent -Divergent Nozzle 
With Thrust Vectoring 

E. ARYl Bare and 
David E. Reubush 



NASA 
Technical 
Paper 
2721 

1987 

National Aeronautics 
and Space Administration 

Scientific and Technical 
Information Office 

Static Internal Performance 
of a Two-Dimensional 
Convergent-Divergent Nozzle 
With Thrust Vectoring 

E. Ann Bare and 
David E. Reubush 
Langley Research Center 
Hampton, Virginia 



CONTENTS 

SUMMARY ........................................................................ , 
1 INTRODUCTION ................................................................... 
~ SYMBOLS AND ABBREVIATIONS ..................................................... 
APPARATUS AND METHODS ......................................................... 
Static Test Facility ......................................................... 
Nozzle Design and Models ..................................................... 

I Nozzle models ............................................................. 
Instrumentation ............................................................. 

t Data Reduction ............................................................. 

Single-Engine Propulsion-Simulation System ................................... 
I 1 Nozzle concept ............................................................. 

~ PRESENTATION OF RESULTS ........................................................ 
RESULTS AND DISCUSSION ........................................................ 
Flap Angle .................................................................. 
Flap Length .................................................................. 
Sidewall Containment ........................................................ 
Throat Approach Angle ........................................................ 
Throat Geometry .............................................................. 

1 CONCLUSIONS .................................................................. 
' REFERENCES .................................................................. 

......................................................................... 
~ FIGURES ........................................................................ 
1 APPENDIX A . INTERNAL GEOMETRY OF LOWER AND UPPER FLAPS ........................ 
1 APPENDIX B . INTERNAL STATIC PRESSURES FOR ALL CONFIGURATIONS TESTED ........... 

1 

1 

2 

5 

9 

11 

1 3  

15 

56 

70 

iii 



I 
I SUMMARY 

I A parametric i nves t iga t ion  of t he  s t a t i c  i n t e r n a l  performance of mul t i func t ion  
two-dimensional convergent-divergent nozzles has been made i n  t h e  s ta t ic  t e s t  f a c i l -  

I i t y  of  t he  Langley 16-Foot Transonic Tunnel. A l l  nozzles had a constant  t h r o a t  a r ea  I and aspec t  ra t io .  

! The nozzle pressure  r a t i o  w a s  var ied up t o  10 for a l l  configurat ions.  

The e f f e c t s  of upper and lower f l a p  angles ,  divergent  f l a p  length,  
t h r o a t  approach angle ,  s idewal l  containment, and t h r o a t  geometry were determined. 
A l l  nozzles w e r e  t e s t e d  a t  a t h r u s t  vector  angle t h a t  va r i ed  from 5.60' t o  2 3 - 0 0 ' .  

The r e s u l t s  show t h a t  the  nozzle discharge c o e f f i c i e n t  was i n s e n s i t i v e  t o  
changes i n  geometry downstream of the  t h r o a t  for  a cons tan t  geometric vec to r  angle.  
The e f f e c t  on i n t e r n a l  performance of c u t t i n g  back the  s idewal l s  was i n  e f f e c t  t he  
same as decreasing the  nozzle expansion ratio.  Radiusing t h e  lower f l a p  t h r o a t  

~ improved t h e  nozzle performance. 

INTRODUCTION 

The next generat ion of f i g h t e r  a i rp l anes  w i l l  be both v e r s a t i l e  and highly 
maneuverable. One approach for providing these c h a r a c t e r i s t i c s  c o n s i s t s  o f  using the  
propuls ion system t o  enhance maneuverability and a t t i t u d e  con t ro l .  Several  s t u d i e s  
have been conducted using nonaxisymmetric nozzles t o  vec tor  t h r u s t  i n  order  t o  gen- 
erate o the r  fo rces  and moments ( r e f s .  1 t o  7 ) .  One type  of nonaxisymmetric nozzle 
t h a t  has been successfu l ly  adapted for p i t c h  t h r u s t  vec tor ing  is the  two-dimensional 
convergent-divergent (2D-CD) nozzle (refs. 8 t o  1 2 ) .  M o s t  of t hese  inves t iga t ions  

1 
~ 

! addressed s p e c i f i c  2D-CD nozzle designs w i t h  only l imi t ed  nozzle component var ia-  
I 
~ t i o n s .  

i ratio,  f l a p  length ,  s idewal l  length,  and f l a p  divergence angle  ( r e f .  13). Another 

I t i o n s  included thrus t -vec tor ing  e f f e c t s  ( r e f s .  1 4 ,  15, and 1 6 ) .  

There are l imi t ed  static-performance data ava i l ab le  on the  e f f e c t s  of para- 
me t r i ca l ly  varying t h e  nozzle i n t e r n a l  geometry, for example, da t a  on the  expansion 

inves t iga t ion  ( r e f .  1 4 )  s tud ied  the  e f f e c t s  of t h r o a t  contouring. Other invest iga-  

The p resen t  paper presents  s t a t i c  i n t e r n a l  performance da ta  f o r  2D-CD nozzles of  
cons tan t  t h r o a t  area and aspec t  r a t i o  having geometric v a r i a t i o n s  o f  upper f l a p  
angle ,  lower f l a p  angle ,  divergent  f l a p  length,  and t h r o a t  approach angle  i n  combi- 
na t ions  to  achieve p i t c h  t h r u s t  vectoring. Upper f lap divergence angle va r i ed  from 
-20.4' to  1.4', lower f l a p  divergence angle varied from 11.6' t o  25.0', d ivergent  
f l a p  length va r i ed  from 1.0 t o  2.7 in . ,  and throa t  approach angle  var ied  from 5.0' 
t o  30.0'. The e f f e c t s  of  s idewal l  containment and t h r o a t  r ad ius  were a l s o  s tud ied  
f o r  s e l ec t ed  configurat ions.  A l l  nozzles were t e s t e d  a t  nozzle pressure  ratios of  
1.7 t o  10.0. 
flow measurements. 
su r f ace  s t a t i c  pressure  o r i f i c e s .  This inves t iga t ion  was conducted i n  t h e  s ta t ic  
t e s t  f a c i l i t y  ad jacent  t o  t h e  Langley 16-Foot Transonic Tunnel. 

Nozzle i n t e r n a l  performance da ta  w e r e  obtained from fo rce  balance and 
A l l  upper and lower nozzle flaps w e r e  instrumented with i n t e r n a l  



SYMBOLS AND ABBREVIATIONS 
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geometric nozzle e x i t  area computed a t  t r a i l i n g  edge of nozzle f l a p s ,  i n  2 '  , 

geometric nozzle t h r o a t  area a t  x = 3.0 i n . ,  i n2  I 

geometric nozzle expansion r a t i o  

measured t h r u s t  a long body a x i s ,  lbf  I 

r e s u l t a n t  gross  t h r u s t ,  (F2 + N 2 ) l l 2 ,  l b f  

nominal nozzle t h r o a t  he igh t  o f  1.0 i n .  (see f i g .  2) 

length of d ivergent  f lap (see f i g .  2 ) ,  i n .  

measured p i t ch ing  moment about p o i n t  on model c e n t e r l i n e  a t  s t a t i o n  29.39, 
in- l b  

measured normal force ,  l b f  

nozzle pressure  ra t io ,  pt,j/pa 

loca l  s t a t i c  pressure ,  ps i  

ambient pressure,  ps i  

j e t  t o t a l  pressure,  psi 

gas constant ,  53.364 ft-lb/lb-OR €or a i r  

j e t  t o t a l  temperature 

idea l  m a s s - f l o w  ra te  

measured mass-flow rate, s lugs /sec  

ax ia l  coordinate  measured from nozzle connect s t a t i o n  (Sta .  41.13), 
posit ive downstream, i n .  

v e r t i c a l  coordinate  measured from hor i zon ta l  model c e n t e r l i n e ,  p o s i t i v e  
upward, i n .  

lower f l a p  angle  measured f r o m  ho r i zon ta l  re fe rence  l i n e  (see f i g .  2 ) ,  deg 

upper f l a p  angle measured from hor i zon ta l  re fe rence  l i n e  (see f i g .  2 ) ,  deg 

throa t  approach angle  measured from hor i zon ta l  re fe rence  l i n e  (see f i g .  2 1 ,  
deg 



Y ra t io  of  s p e c i f i c  hea t s ,  1.3997 f o r  a i r  

6 r e s u l t a n t  t h r u s t  vec tor  angle ,  tan-' ( N / F )  , deg 

geometric t h r u s t  vec tor  angle ,  (C1z - a,)/2.0, deg 6, 

Abbreviations: 
1 

B s idewall  p a i r  303, 304 

C s idewal l  pair 305, 306 

s idewal l  pair 307, 308 i D  

E s idewall  pair 309, 310 

~ Number i n  nozzle conf igura t ion  designat ion ( see  t a b l e  A I I )  : 

1 01 t o  27 upper f l a p  

' L a s t  cha rac t e r  ( s )  i n  nozzle configurat ion designat ion (see t a b l e  A I )  : 

1 F t o  AA l o w e r  f l a p  

~ APPARATUS AND METHODS 

I S t a t i c  T e s t  Fac i l i t y  

This i nves t iga t ion  w a s  conducted i n  the  s t a t i c  tes t  f a c i l i t y  ( r e f .  17) of t h e  
Langley 16-Foot Transonic Tunnel. A l l  tests were conducted with the  j e t  exhaust ing 
to  t h e  atmosphere. This f a c i l i t y  u t i l i z e s  the  same c lean ,  dry a i r  supply and a 
similar a i r -cont ro l  system as t h a t  used i n  t he  16-Foot Transonic Tunnel, inc luding  
valving,  f i l t e r s ,  and a h e a t  exchanger ( t o  operate the  j e t  flow a t  cons tan t  stagna- 

j t i o n  temperature) .  

Single-Engine Propulsion-Simulation System 

A sketch of t he  single-engine air-powered nacelle model (descr ibed i n  r e f .  17) 

An ex te rna l  high-pressure a i r  system 
on which t h e  various nozzles were mounted is  presented i n  f i g u r e  1 with a t y p i c a l  
vectored 2D-CD nozzle conf igura t ion  at tached.  
provided a continuous flow of clean,  dry a i r  a t  a con t ro l l ed  temperature of  about 
530°R (measured a t  t h e  instrumentat ion s e c t i o n ) .  This high-pressure a i r  w a s  brought 
through a dolly-mounted support  s t r u t  by s i x  tubes t h a t  connect t o  a high-pressure 
plenum chamber. In  o rde r  to  minimize any forces imposed by the  t r a n s f e r  of  axial  

3 



i momentum as the  a i r  i s  passed f r o m  t he  nonmetric high-pressure plenum t o  t h e  metric 
low-pressure plenum (at tached t o  the  force  ba l ance ) ,  t h e  a i r  w a s  discharged r a d i a l l y  
i n t o  the  model low-pressure plenum through e i g h t  multiholed son ic  nozzles equal ly  
spaced around the  high-pressure plenum, as shown i n  f igu re  1. Two f l e x i b l e  metal 
bellows were used as s e a l s  and served t o  e l imina te  the  t r a n s f e r  of  forces caused by 
pressur iza t ion .  

~ 

The a i r  w a s  then passed from the  model low-pressure plenum through a t r a n s i t i o n  ; 
I s e c t i o n  tha t  provided a smooth flow path f o r  the  airflow f r o m  t h e  round low-pressure 1 

plenum t o  the rectangular  choke p l a t e  and instrumentat ion sec t ion .  The t r a n s i t i o n  ~ 

sec t ion ,  choke p l a t e ,  and instrumentat ion sec t ion  w e r e  common €or a l l  2D-CD nozzles ~ 

tested. The instrumentat ion sec t ion  had a flow path width-to-height ra t io  of 1.437. 1 
A l l  nozzle configurat ions 
s t a t i o n  41.13. 

Nozzle concept.- The 

were a t tached  t o  the  instrumentat ion s e c t i o n  a t  model 

I 

Nozzle Design and Models I 
I 
I 

bas i c  nozzle components of t he  two-dimensional convergent- 1 

divergent  (2D-CD) nozzle are upper and lower f l a p s  t h a t  r egu la t e  t he  i n t e r n a l  con- 
t r a c t i o n  and expansion process which takes p lace  i n  the  v e r t i c a l  plane,  and f l a t  
s idewal l s  t h a t  contain the  flow l a t e r a l l y .  The two-dimensional na ture  of t h e  f l a p s  
and s idewalls  of t h i s  nozzle makes it read i ly  adaptable  t o  the  incorporat ion of 
thrust-vector ing c a p a b i l i t i e s .  This is achieved by varying t h e  geometry o f  both the  
upper and lower flaps a f t  of t he  t h r o a t  i n  order  t o  d i r e c t  t he  flow from the  a x i a l  
d i r ec t ion .  

Nozzle models.- The nozzle models of the  present  i nves t iga t ion  were a t tached  t o  
t h e  propulsion s imulat ion system a t  s t a t i o n  41.13 ( see  f i g .  1) and had a nominally 
constant  t h roa t  he ight  of  1.0 i n .  and width of 4.0 i n .  Interchangeable upper and 
lower nozzle f l a p s  and s idewalls  were combined t o  vary t h e  nozzle geometry. Fig- 
u re  2 ( a )  presents  a sketch showing typical  nozzle upper and lower f l a p s  having sharp  
th roa t s  (a radius equal t o  0 . 0 ) .  Figure 2(b)  presents  a sketch of a radiused l o w e r  
f l a p  ( a  radius equal t o  1.0 i n . ) .  S ix  configurat ions u t i l i z i n g  a radiused lower 
f l a p  w e r e  t e s t ed  to  determine the  e f f e c t  of t h r o a t  geometry on s t a t i c  performance. 
Table I shows the  geometry of  each configurat ion along with the  geometric t h r u s t  
vec tor  angle and nozzle expansion r a t i o .  The e f f e c t  of s idewal l  cutback w a s  examined 
f o r  s e l ec t ed  configurat ions.  Sidewall geometry is shown i n  f i g u r e  3. 

The f laps  and s idewal l s  used t o  assemble each nozzle may be determined from the  
configurat ion nota t ion  described i n  the  "Symbols and Abbreviations" sec t ion .  The 
i n t e r n a l  geometry of a l l  upper and lower f l a p s  is  presented i n  appendix A. 

Instrumentation 

A six-component strain-gauge balance w a s  used t o  measure the  forces  and moments 
on the  model downstream of  s t a t i o n  20.50 i n .  (See f i g .  1.) J e t  t o t a l  p ressure  w a s  
measured by means of  a four-probe rake through the  upper su r face ,  a three-probe rake 
through t h e  s i d e ,  and a three-probe rake through t h e  corner  of the  rec tangular  
instrumentation sec t ion  ( f i g .  1). Jet  t o t a l  temperature w a s  measured by a sh ie lded  
thermocouple probe a l s o  loca ted  i n  the  instrumentat ion sec t ion .  M a s s - f l o w  r a t e  of 
the  high-pressure a i r  w a s  measured by a c a l i b r a t e d  choked ventur i .  
lower f l a p s  were instrumented with i n t e r n a l  s t a t i c  pressure  o r i f i c e s  loca ted  on the  

A l l  upper and 

4 



planview cen te r l ine .  The i n t e r n a l  s ta t ic  pressures f o r  a l l  t h e  conf igura t ions  t e s t e d  
are presented i n  appendix B. Axial loca t ion  of the s t a t i c  pressure  o r i f i c e s  f o r  each 
/configurat ion a r e  given i n  t a b l e s  B I  and B I I .  

moment, and nozzle discharge coe f f i c i en t  ( r a t i o  of measured mass-flow r a t e  t o  i d e a l  
m a s s - f l o w  ra te ) .  The balance measurements a r e  corrected f o r  model weight t a r e s  and 
balance in t e rac t ions .  Although the  bellows arrangement previously described w a s  
,designed t o  e l imina te  pressure  and momentum in t e rac t ions  with the  balance,  s m a l l  
bellows t a r e s  s t i l l  e x i s t  on a l l  balance components. When the  bellows a r e  pressur-  
i zed  the re  are small d i f fe rences  i n  the  forward and a f t  sp r ing  cons tan ts ;  t h e r e  are 

I 

D a t a  Reduction 

1 
15 s e c  a t  each da ta  po in t  f o r  use i n  the  computations. 
I tant t h r u s t  
/ t o  t h e  model cen te r l ine .  
'nondimensionalizing length.  I 

A l l  da t a  were recorded on magnetic tape w i t h  50 frames of d a t a  averaged over 
With t h e  exception of  resu l -  

Fr, d a t a  f o r  t he  force  and r e s u l t a n t  t h r u s t  vec tor  angle  a r e  referenced 
Nominal t h roa t  height  ht,n w a s  s e l e c t e d  a r b i t r a r i l y  as a 

PRESENTATION OF RESULTS 

The basic i n t e r n a l  nozzle performance da ta  and pitching-moment-ratio da t a  f o r  
a l l  conf igura t ions  and t h e  pressure  da ta  f o r  selected conf igura t ions  are presented 
graphica l ly  i n  f i g u r e s  4 t o  18. 
t i o n  purposes and w i l l  no t  be discussed i n  t h a t  t h e  r e s u l t s  noted f o r  t he  r e s u l t a n t  
t h r u s t  vector angle  a r e  t h e  same as would be noted f o r  t h e  pitching-moment-ratio 
da ta .  
r a t i o  form as a func t ion  of NPR and the  x-location i n  appendix B. A l l  da t a  were 

The pitching-moment da t a  are presented f o r  informa- 

The l o c a l  s t a t i c  pressure  d a t a  f o r  a l l  the conf igura t ions  are presented i n  

5 



machine p lo t ted  and the  curves were f a i r e d  with a s p l i n e  curve f i t .  
t h i s  inves t iga t ion  a r e  p l o t t e d  i n  the  following f igu res :  

The r e s u l t s  of 

Nozzle performance parameters and p i t ch ing  moment: 
E f fec t  of geometric t h r u s t  vec tor  angle  ..................................... 4 
Ef fec t  of upper f l a p  angle .................................................. 
Effec t  of  divergent f l a p  length  with B = 7.60' ............................. 7 1  
Ef fec t  of divergent f l a p  length with = 17.50' 8 i  
Effec t  of divergent f l a p  length with B = 27.40° 9 1  
Effec t  of s idewall  containment 
E f fec t  of t h roa t  approach angle with 
Ef fec t  of t h roa t  approach angle  with Z/ht,, = 1.75 ......................... 
Effec t  of t h r o a t  approach angle  with 
Ef fec t  of t h r o a t  geometry ................................................... 

5 1  

............................ ............................ .............................................. E 1 Z/httn = 1.0 .......................... 
I /htIn = 2.50 ......................... 1 4  

Upper and lower f l a p  s t a t i c  pressure d i s t r i b u t i o n s :  I 
Effec t  of upper f l a p  angle .................................................. 6 i  
E f fec t  of divergent  f l a p  length  ............................................. 10 
Ef fec t  of s idewall  containment .............................................. 1 2  I 
Effec t  of t h r o a t  approach angle  ............................................. 16 I 

Effec t  of t h roa t  geometry ................................................... 18  

RESULTS AND DISCUSSION 

There are a number o f  d i f f e r e n t  ways t o  vec to r  the  t h r u s t  from a 2D-CD nozzle. 
One example would be t o  gimbal the  e n t i r e  nozzle. Although t h i s  method would not  
a f f e c t  t h e  in t e rna l  nozzle performance i n  t h a t  t he  flow path would be unchanged, t he  
necessary actuators  and gimbal hardware would add e x t r a  weight t o  the  configurat ion.  
A l s o ,  as the t h r u s t  vector  angle  of t h i s  concept va r i e s ,  the  change i n  the  nozzle 
ex te rna l  geometry has the  p o t e n t i a l  €or s i g n i f i c a n t l y  increas ing  drag as w a s  reported 
i n  reference 6. 
is the  independent de f l ec t ion  of t h e  upper and lower divergent  f l a p s  which could be 
accomplished by using the  e x i s t i n g  ac tua to r s  and hardware necessary f o r  changing 
nozzle power s e t t i n g  and expansion ratio.  
e x t r a  ac tua tors  necessary f o r  gimballing t h e  e n t i r e  nozzle,  b u t  it leaves t h e  t h r o a t  
o r i e n t a t i o n  e s s e n t i a l l y  unchanged as compared with t h a t  of  t h e  forward t h r u s t  mode. 
T h i s  i n  e f f ec t  means t h a t  t he  supersonic flow downstream of the  nozzle t h r o a t  must be 
turned by the nozzle divergent  f l aps .  
t h i s  is done, as previous s t u d i e s  have ind ica t ed  ( r e f s .  6 and 1 5 ) .  

The method of  vector ing t h r u s t  s tud ied  i n  t h e  cu r ren t  i nves t iga t ion  

This method e l imina tes  the  need f o r  the  

There is  a p o t e n t i a l  f o r  t h r u s t  losses when 

Flap Angle 

The geometric t h r u s t  vec tor  angle can be increased  by decreasing the upper f lap 
angle  au while the  lower f l a p  angle  ai is he ld  cons tan t ,  or by increas ing  
while  
ratio. I n  order t o  maintain t h e  same expansion r a t i o ,  t h e  upper and lower d ivergent  
f l a p  angles  are var ied  simultaneously. 
t h r u s t  vector angle.  There w e r e  no d i sce rn ib l e  changes i n  t h e  shape of  t h e  i n t e r n a l  
performance curves, b u t  t he re  w a s  only an incremental  decrease i n  gross  t h r u s t  ra t io  
and discharge c o e f f i c i e n t  a t t r i b u t a b l e  t o  t h e  increase  i n  geometric t h r u s t  vec tor  

aU is held constant ;  however, t h i s  would a l s o  change the  nozzle expansion 

Figure 4 shows t h e  e f f e c t  of  increas ing  the  

6 



angle.  The inc rease  of 7.5O i n  geometric t h r u s t  vector angle  produced an approximate 
8.0" incremental  increase i n  r e s u l t a n t  t h r u s t  vector angle.  

Previous s t u d i e s  (ref. 13) have shown t h a t  nozzle expansion ratio is  t h e  pre- 
dominant parameter a f f e c t i n g  nozzle i n t e r n a l  performance. Because of t h i s ,  it i s  

Figure 5 shows t h e  e f f e c t  o f  changing t h e  
' d i f f i c u l t  t o  s epa ra t e  effects due to  changes i n  upper f l a p  divergence angle  from ' e f f e c t s  due to  expansion r a t i o  change. 
1 upper f lap angle  and, consequently, t he  geometric t h r u s t  vec tor  angle  and expansion 

r a t io  while  holding o the r  parameters cons tan t .  The r e s u l t a n t  t h r u s t  ra t io  shows 
effects  due to expansion ra t io  v a r i a t i o n  t h a t  a re  s i m i l a r  t o  those  observed i n  ref- 
erence 13. That is, the  peak performance occurs a t  an NPR near  t h e  design NPR and 
then  drops wi th  inc reas ing  NPR, with t h e  lowest expansion ratio conf igura t ion  showing 

I the  l a r g e s t  performance loss as a r e s u l t  of nozzle underexpansion losses. 
1 c o e f f i c i e n t  shows a decrease with increas ing  geometric vec tor  angle  similar t o  that  

previously discussed f o r  f igu re  4.  The t h r u s t  vec tor  angle  i s  inf luenced by both 
expansion r a t i o  and geometric vec tor  angle;  it is d i f f i c u l t  to  separate t h e  t w o  
e f f e c t s .  Figure 6 shows t h e  s t a t i c  pressure  data f o r  conf igura t ions  C19P and C20P. 

1 The pressure  on t h e  l a s t  two-thirds of the  lower f lap o f  C19P i s  much h igher  than 
t h a t  on the  upper f l a p .  This d i f fe rence  tends to  reduce s i g n i f i c a n t l y  t h e  normal ' fo rce  and thus  the r e s u l t a n t  t h r u s t  vec tor  angle. 
highly inc l ined  throat ,  thus  making the  nozzle e f f e c t i v e l y  an inve r t ed  s ing le -  
expansion-ramp nozzle.  This tends t o  produce la rge  r e s u l t a n t  t h r u s t  vec tor  angles  
a t  low NPR and l o w  va lues  of r e s u l t a n t  t h r u s t  vector angle  a t  high NPR (see re f .  18 ) ,  
as can be seen  f o r  conf igura t ion  C19P i n  f igure 5. The pressures  f o r  conf igura t ion  
C20P i n d i c a t e  a f a i r l y  v e r t i c a l  nozzle t h r o a t  with t h e  upper f lap  having a h igher  
pressure  than  the lower f l a p  over most of t h e  flap length.  This condi t ion  tends t o  
produce the  lower values  of  r e s u l t a n t  t h r u s t  vector angles  a t  low NPR as ind ica t ed  i n  
f i g u r e  5 f o r  conf igura t ion  C20P. It is apparent t h a t  increas ing  t h e  geometric vec tor  
angle  by decreasing only t h e  upper f lap divergent angle  does n o t  provide e f f i c i e n t  
t h r u s t  vector ing.  

Discharge 

The pressures  also i n d i c a t e  a 

Flap  Length 

Figures  7 t o  9 show da ta  a t  d i f f e r e n t  divergent f l a p  lengths  (and consequently 
d i f f e r e n t  nozzle expansion r a t i o s )  with a l l  other parameters he ld  constant .  Fig- 
u re s  7 (b )  and  9 ( b )  show comparisons between data a t  values  of  
2.50 wi th  only  s m a l l  d i f fe rences  i n  expansion ratio. There are only s m a l l  effects of 
f l a p  length  on t h e  performance da ta  of configurat ions having almost t h e  same expan- 
s ion  r a t i o .  This r e s u l t  w a s  also ind ica t ed  by t h e  da t a  i n  re ference  13. Fig- 
u re s  7 ( a )  and 9 ( a )  show t h e  same comparison i n  f l a p  length  b u t  with t h e  inc rease  i n  
expansion ra t io  being four  t i m e s  l a r g e r .  The changes i n  t h e  t h r u s t  r a t i o s  are a l s o  
much l a r g e r .  These d i f f e rences  are s i m i l a r  t o  those  shown i n  f i g u r e  5 and are 
be l ieved  to  be pr imar i ly  due to  d i f f e rences  i n  expansion ratio. 
any e f f e c t  o f  f l a p  length  on i n t e r n a l  performance is f a r  less than t h e  e f f e c t  o f  
changing t h e  expansion r a t i o .  

Z/htIn of 1.00 and 

It is apparent  t h a t  

Differences i n  expansion ra t io  a l s o  influence t h e  a b i l i t y  o f  t h e  conf igura t ion  
t o  vec to r  t h e . t h r u s t .  The higher  expansion r a t i o  nozzles ( longer  f l a p s )  produced 
r e s u l t a n t  t h r u s t  vec to r  angles  t h a t  peaked a t  a value near ly  double t h a t  o f  t h e  
lower expansion r a t i o  nozzles,  and then these angles  r ap id ly  dropped with increas ing  
NPR t o  a value approximately one-half t h a t  of t h e  lower expansion r a t i o  nozzles 
(figs. 7 ( a )  and 9 ( a ) ) .  That is, t h r u s t  vectoring i s  most e f f e c t i v e  and least errat ic  
f o r  nozzles  having a l o w  expansion r a t i o .  This r e s u l t  might be expected s i n c e  the  
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high expansion r a t i o  nozzles a r e  opera t ing  overexpanded a t  the l o w  NPR ' s  and t h e  
i n t e r n a l  flow separa t ion  c h a r a c t e r i s t i c s  would be expected t o  vary g r e a t l y  w i t h  
varying NPR. 

Figure 8 presents da ta  f o r  t he  conf igura t ions  with minimum to  maximum f l a p  
lengths  tes ted  (low t o  high expansion r a t i o ) .  Except for the magnitude of peak 
r e s u l t a n t  t h rus t  vec tor  angle,  these  da t a  i n d i c a t e  r e s u l t s  s i m i l a r  t o  those discussed 
f o r  f igu res  7 and 9. Figure 10 presents  t he  i n t e r n a l  s t a t i c  pressure  d i s t r i b u t i o n s  
f o r  t he  configurat ions shown i n  f i g u r e  8. There i s  no e f f e c t  of changing f l a p  length 
on the  pressure da ta .  The da ta  i n d i c a t e  an inc l ined  t h r o a t  and higher pressure  on 
the  lower f lap  over the  l as t  two-thirds of the  longer f l aps .  This pressure  dis t r i -  
but ion has  the same e f f e c t  on the r e s u l t a n t  t h r u s t  vector  angles  shown i n  f i g u r e  9 
as w a s  previously discussed.  (See the  s e c t i o n  e n t i t l e d  "Flap Angle.") The s h o r t e r  
nozzle f laps  do not  provide a long expansion su r face ,  and thereby t h e  reduct ion i n  
normal force and t h e  consequent reduct ion i n  r e s u l t a n t  t h r u s t  vec tor  angle  do no t  
occur. 

Sidewall Containment 

Figure 11 shows t h e  e f f e c t  of c u t t i n g  back the nozzle s idewalls  on the i n t e r n a l  
performance of configurat ions a t  t h ree  d i f f e r e n t  vec tor  angles  and expansion ratios.  
Tests were made with t h e  s idewalls  c u t  back 30 and 60 percent  from f u l l  containment. 
I n  genera l ,  the  e f f e c t  of c u t t i n g  back t h e  s idewal l  on t h r u s t  r a t i o  and r e s u l t a n t  
t h r u s t  vector angle  w a s  small, as previously documented i n  re ferences  16 and 19. 
Cut t ing back the  s idewal l  appears t o  cause a decrease i n  the  e f f e c t i v e  nozzle expan- 
s ion  ra t io .  Figure l l ( b )  shows the  conf igura t ion  t h a t  has the  h ighes t  expansion 
ratio.  This configurat ion,  which shows t h e  l a r g e s t  r e s u l t  of the  e f f e c t i v e  decrease 
i n  expansion r a t i o  with the  60-percent-cutback s idewal l ,  d i sp lays  a l a r g e r  gross  
t h r u s t  r a t i o  a t  low NPR and a lower gross  t h r u s t  r a t io  a t  high NPR. These same 
r e s u l t s  were a l s o  found i n  re ferences  16 and 19. 

Sidewall cutback w a s  referenced t o  the  nozzle  th roa t ;  that  i s ,  a 100-percent 
cutback would mean t h a t  the  s idewal l s  would end a t  the  nozzle th roa t .  Since a l l  
nozzle sidewalls t e s t e d  extended downstream of the nozzle t h r o a t ,  t he  discharge coef- 
f i c i e n t  showed e s s e n t i a l l y  no change with s idewal l  containment. Figure 1 2  shows the 
i n t e r n a l  s t a t i c  pressure  d i s t r i b u t i o n  f o r  the  conf igura t ions  shown i n  f i g u r e  l l ( a ) .  
L o w e r  f l a p  pressure d i s t r i b u t i o n s  show no inf luence  of s idewal l  cutback. There a r e  
some s l i g h t  d i f fe rences  i n  the upper f l a p  p re s su re  d i s t r i b u t i o n  w i t h  varying s idewal l  
cutback. A small change i n  the  magnitude of  t he  shock, which is pos i t ioned  very near  
the  end of the 30-percent-cutback s idewall  (x/ht,n = 4.501, can be seen a t  NPR = 4.0 
and also, though t o  a lesser degree, a t  NPR = 10.0. 

Throat Approach Angle 

The e f f ec t  of changing t h r o a t  approach angle  on nozzle i n t e r n a l  performance and 
r e s u l t a n t  t h rus t  vec tor  angle is shown i n  f i g u r e s  1 3  t o  15. There are only s l i g h t  
changes i n  the t h r u s t  r a t i o s  and the  r e s u l t a n t  t h r u s t  vec to r  angle  w i t h  increas ing  
t h r o a t  approach angle.  The magnitude of  t h e  increment due to  a change i n  throat 
approach angle w a s  dependent on t h e  values  of  geometric t h r u s t  vec to r  angle  and noz- 
z l e  expansion r a t i o ,  thus making it d i f f i c u l t  t o  quant i fy  t h e  effect. However, it 
can be generally s t a t e d  t h a t  an increase  i n  t h e  t h r o a t  approach angle  decreased t h e  
r e s u l t a n t  t h rus t  r a t io  while increas ing  the  r e s u l t a n t  t h r u s t  vec to r  angle.  The d i s -  
charge coe f f i c i en t  i s  m o s t  s e n s i t i v e  t o  varying t h e  throat approach angle ,  w i t h  more 
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than a 6-percent decrease with increas ing  6 i n  t he  w o r s t  case ( f i g .  1 3 ( b ) ) .  
Similar  e f f e c t s  were noted f o r  conica l  nozzles as w a s  repor ted  i n  re ference  20. 

Figure 16 shows t h e  i n t e r n a l  s t a t i c  pressure d i s t r i b u t i o n s  f o r  t w o  of the  con- 
f igu ra t ions  presented i n  f i g u r e  1 4 ( a ) .  
an increase  i n  t h e  magnitude of the  shock with increasing t h r o a t  approach angle .  
Throat approach angle  had l i t t l e  e f f e c t  on the upper f l a p  s t a t i c  pressure  
d i s t r i b u t i o n s .  

The primary change i n  the  lower f l a p  flow i s  

Throat Geometry 

Three lower f l a p s  ( U ,  V ,  and W) were constructed with a t h r o a t  of 1.0-in. r ad ius  
(see table A I ) ,  and these  radiused f l aps  had the same t h r o a t  approach angle  as t h r e e  
sharp-corner-throat f l a p s  (H,  M, and PI. That is, a conf igura t ion  i n  which the  
sharp-corner-throat lower f l a p  w a s  replaced by a radiused lower f l a p  would s t i l l  have 
t h e  same t h r o a t  approach angle and geometric expansion ratio.  S ix  conf igura t ions  
with a radiused lower f l a p  were tested (two d i f f e r e n t  upper f l a p s  with each radiused 
lower f l a p ) .  The lower f l a p  angle  and, consequently, the  geometric vec tor  angle  d i f -  
f e r ed  s l i g h t l y  between the  configurat ions w i t h  t he  sharp-corner t h r o a t  and the  con- 
f i g u r a t i o n  with t h e  radiused th roa t .  (See table I.) Figure 1 7  shows t h e  b a s i c  
i n t e r n a l  performance da ta  f o r  these  configurations.  I n  genera l ,  changing the  lower 
f l a p  t h r o a t  geometry from a sharp corner t o  a radiused t h r o a t  increased t h e  r e s u l t a n t  
t h r u s t  ra t ios .  The d i f f e rences  i n  performance are g rea t e r  a t  the  higher  t h r o a t  
approach angles and/or t he  l o w  nozzle expansion ratios. This r e s u l t  would be 
expected s i n c e  t h e  radiused t h r o a t  provided a much smoother flow path than the sharp 
corner t h r o a t ,  p a r t i c u l a r l y  a t  t h e  l a r g e  throa t  approach angles .  The inf luence  of  
expansion r a t i o  on the  e f f e c t  of t h r o a t  geometry is  a l s o  obvious by comparing 
parts (a) and ( b ) ,  ( c )  and ( a ) ,  and (e) and ( f )  of f igu re  17. The l a r g e s t  e f f e c t  of  
t h r o a t  geometry w a s  on the  discharge coe f f i c i en t ,  which has been shown t o  be basi- 
c a l l y  i n s e n s i t i v e  t o  changes i n  geometry downstream of  the  nozzle t h r o a t  f o r  a 
cons tan t  geometric vector  angle  and is af fec ted  only by changes t h a t  occur  upstream 
of  the  t h r o a t  and, i n  t h i s  case,  i n  the  throa t .  Figure 1 7 ( f )  shows the  l a r g e s t  
increase  i n  the  discharge coe f f i c i en t .  Similar r e s u l t s  of  t h e  e f f e c t  o f  t h r o a t  
rad ius ing  on the  discharge c o e f f i c i e n t  are reported i n  re ference  1 4 .  It i s  obvious 
t h a t  t he  radiused t h r o a t  is  a more e f f i c i e n t  configuration no t  only because of  i t s  
i n t e r n a l  performance b u t  even more so because of i ts a b i l i t y  t o  pass m a s s  flow. 

Figure 18 shows the  i n t e r n a l  s ta t ic  pressure d i s t r i b u t i o n s  f o r  t h e  configura- 
t i o n s  shown i n  f i g u r e  1 7 ( f ) .  The radiused f l a p  caused the t h r o a t  (where 
p/pt , j  = 0.528) t o  move downstream not  only on the  lower f l a p  bu t  also on t h e  upper 
f l a p  which w a s  t h e  same hardware f o r  both configurations.  There w a s  also a decrease 
i n  the  s e v e r i t y  of t h e  shock on both the  upper and l o w e r  f l a p s  when a rad ius  w a s  
added t o  the  t h r o a t  on the  lower f l ap .  

CONCLUSIONS 

A parametr ic  i nves t iga t ion  of two-dimensional convergent-divergent nozzles with 
t h r u s t  vec tor ing  has given the  following conclusions: 

1. The e f f e c t  of expansion r a t io  on nozzle i n t e r n a l  performance is  predominant 
over any e f f e c t  caused by changes i n  divergent f l a p  angle.  
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2. Because of reduced i n t e r n a l  f l o w  separa t ion  a t  low nozzle pressure  r a t i o s ,  
t h r u s t  vectoring is most e f f e c t i v e  f o r  nozzles having a low expansion r a t i o .  I 

i 

3.  Reduced s idewall  containment ( cu t t i ng  back the  nozzle s idewal l s )  r e s u l t s  i n  
a decrease i n  e f f e c t i v e  nozzle expansion ratio,  but  the  e f f e c t  on nozzle performance 
is s m a l l .  

4.  Discharge c o e f f i c i e n t  i s  i n s e n s i t i v e  t o  changes i n  geometry downstream of the  ~ 

t h r o a t  f o r  a constant  geometric vec tor  angle.  
ever,  r e s u l t s  i n  reduced values  o f  discharge c o e f f i c i e n t .  

Increasing t h r o a t  approach angle ,  how- 

5. Changing throat geometry from a sharp  corner t o  a r ad ius  on the  lower f l a p  
produces configurat ions more e f f i c i e n t  i n  i n t e r n a l  performance and with a b e t t e r  
a b i l i t y  t o  pass m a s s  flow, p a r t i c u l a r l y  for the  conf igura t ions  with l o w  expansion 
ratios and/or l a r g e  t h r o a t  approach angles.  

NASA Langley Research Center 
Hampton, VA 23665-5225 
June 1, 1987 
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TABLE I.- NOZZLE PARAMETERS 

P 

'onf iguration 

A0 1F 

A02G 

A0 3F 

A04G 

B05H 

BO61 

BO 7H 

BO81 

A09J 

A l O K  

AllJ 

A 1  2K 

B13L 

B14M 

B15L 

B16M 

C17N 

C 1 8 0  

C19P 

C20P 

D21Q 

E22R 

C23S 

C24T 

-8.60 

-20.40 

1.40 

-10.40 

-8.60 

-20.40 

1.40 

-10.40 

-8.60 

-20.40 

1.40 

-10.40 

-8.60 

-20.40 

1.40 

-10.40 

-2.00 

-17.00 

-15.80 

-3.20 

-9.50 

1 

&,n 

1.00 

1 
I 
1 
I 
I 

2.50 

1.00 

2.50 

1.75 

.80 

2.70 

1.75 

1.75 

10.10 

21.90 

5.10 

16.90 

10.10 

21.90 

5.10 

16.90 

10.10 

21.90 

5.10 

16.90 

10.10 

21.90 

5.10 

16.90 

6.00 

21.00 

16.65 

10.35 

13.50 

1 

1e4 

1.05 

1.05 

1.23 

1.22 

1.13 

1.12 

1.56 

1.55 

1.05 

1.05 

1.23 

1.22 

1.13 

1 . 1 2  

1.56 

1.55 

1.24 

1.23 

1.05 

1.43 

1.11 

1.37 

1.24 

1.24 

jesign 
NPR 

2.6 

2.6 

4 .1  

4.0 

3.3 

3.2 

6.7 

6.7 

2.6 

2.6 

4.1 

4.0 

3.3 

3.2 

6.7 

6.7 

4.1 

4.1 

2.6 

5.6 

3.1 

5.2 

4 .1  

4.1 
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TABLE I.- Concluded 

'I 

2onfigurat i o n  

C25P 

A05H 

CO 5H 

A061 

C06I 

A081 

C08I 

B05U 

BO 7U 

B14V 

B16V 

c19w 

c20w 

C26X 

C27Y 

C26Z 

C 2  7- 

X Z I  deg 

17.50 

11.60 

11.60 

23.40 

1 
12.10 

12.10 

25.60 

25.60 

19.30 

19.30 

20.00 

20.00 

15.00 

15.00 

~ 

-9.50 

-8.60 

-8.60 

-20.40 

-20.40 

-10.40 

-10.40 

-8.60 

1.40 

-20.40 

-10.40 

-15.80 

-3.20 

-10.00 

-10.00 

-10.00 

-10.00 

5 4  , n 

13.50 

10.10 

10.10 

21.90 

21.90 

16.90 

16.90 

10.35 

5.35 

23.00 

18.00 

17.55 

11.25 
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APPENDIX A 

INTERNAL GEOMETRY OF LOWER AND UPPER FLAPS 

The i n t e r n a l  geometry is  presented  i n  table A I  for a l l  l o w e r  f l a p s  tested and i n  
table A I 1  f o r  a l l  upper f l a p s  t e s t e d .  Values of x and y are measured i n  inches .  



TABLE AI.- INTERNAL GEOMETRY OF LOWER FLAPS 

I I 
I Lower Flap F I 
I I 

1 I I 

I 

I 
I I I x  I Y 

I I I 

I I I 

I 0.0000 I -1.3900 I 

I 0.4574 I -1.3900 I 

I 0.8110 I -1.2436 

I 1.2125 I -0.8421 I 

I I I 
I 

I I I 

I I I 
I 

I 

I 1.5080 

I 3.0000 

I 

i 

I 3.9796 
1 

I 

-0.7001 I 
I 

-0.5000 I 

-0.7011 I 
I 

I I 

I 
I Lower Flap H I 
I I 

I I I 
I 

I I - x  Y I 

I I I 

I I I 

I 0.0000 I -1.3900 I 

I 0.4574 I -1.3900 1 

I 0.8110 I -3.2436 I 

I 1.2125 I -0.8421 I 

I 1.5000 I -0.7001 I 
I 
I 3.0000 I -0.5000 I 

I 5.4489 I -1.0027 I 

I I I 

I I I 

I I 1 
I 

I I I 

I I 

1 I I 

I I I 

1 I 

I Lower Flap G I 
I I 

i 
I x  
I 

I 

I 0.0000 

I 0.4574 

I 0.8110 

I 1.2125 

I 

I I 

I I 

I 

I 

I 

I 

Y 

I -1.3900 

I -1.3900 

I -1.2436 

I -0.8421 

I 

I 

I 

I 

I I 

I 

I 

1 

I 

I 

I 

I 

I 

I 

I I I 
I 

I 1.5000 I -0.7001 I 

I 3.0000 I -0.5000 I 

I 3.9178 I -0.8971 I 

I I I 

I I I 

I I I 

I I 

I Lower Flap I I 
I I I 

I I I I 

I 

I I I 
I I 

I I I 

I I x  Y 

I 0.0000 I -1.3900 I 

I 0.4574 I -1.3900 I 

I 0.8110 I -1.2436 I 

I 1.2125 I -0.8421 I 

I 1.5000 I -0.7001 I 

I 3.0000 I -0.5000 

I 5.2944 I -1.4929 I 

I I I 

I I 1 I 

I I I 

I I I 

I I I I 

I I I I 

I I I 
1 I 1 
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TABLE AI.- Continued 

I I 1 

I Lower F l a p  J I 

I 

I x  I Y I 

I 

I 1 I 

I 

I I 

I 

I I 

Lower F l a p  K I 

I I I 

I 

I 

I I x  Y 
I I I I 

I I I 

I 
I I 
I 0.0000 I -1.3900 I I 0.0000 I -1.3900 

I 1.1611 I -1.3900 I I 1.1611 I -1.3900 
f 
I 1.3912 I -1.3339 I I 1.3912 I -1.3339 
I I 
I 3.0000 I -0.5000 I I 3.0000 I -0.5000 

I 3.9796 I -0.7011 I I 3.9178 I -0.8971 

I 

I I I I I 

I I I I 

I I I 

I I I 1 I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
I 

I 

I I I I I I 

I I 

I Lower F l a p  L I 
I I 

I I I 

I I 

I I I 

I I I 

I Y I > :  

I 0.0000 I -1.3900 I 

I 1.1611 I -1.3900 I 
I I 

I 1.3912 I -1.3339 I 

I 3.0000 I -0.5000 I 
I 
I 5.4489 I -1.0027 I 

I I I 

I I 

I I 1 

I I 

I I I 

I I 

I Lower F l a p  M I 
i I 

I I I 

I 

I I I 

I I I 

I I x Y 

I 0.0000 I -1.3900 I 

I 1.1611 I -1.3900 I' 

I 1.3912 I -1.3339 I 

I 3.0000 I -0.5000 I 

I 5.2944 I -1.4929 I 

1 I I 

I I I 

I I I 

I I 1 

I I I 

5 8  



TABLE AI.- Continued 

i i 
I 

I I 

I I I 

I 

1 I I 

1 I I 

Lower Flap N I 

I I x  Y 

I 0.0000 I -1.3900 I 

I 0.8058 I -1.3900 I 

I 1.1694 I -1.2436 I 

I 1.2968 I -1.0962 I 
I 
I 1.5000 I -0.9729 I 

I 3.0000 I -0.5000 I 
I 
I 4.'7234 I -0.8039 f 

I I I 

I I I 

I I I 

I I 

I I I 

I I 

I I I 

I 
I Lower Flap P I 

I 

I I 

I I I 

I 

1 I I 

I I I 

I I x  Y 

f 0.0000 I -1.3900 I 

I 0.8058 I -1.3900 I 
I 
f 1.1694 I &1.2436 I 

I I I 

I 1 

I I I 

I 1.2968 I -1.0962 I 

I 1.5000 I -0.9729 I 
I 
I 3.0000 I -0.5000 I 

I 4.6690 I -1.0262 I 

I I I 
I 

I I 

I I I 

I I I 

I I 

1 

I 

I I I 

I 

I I I 

I 

Lower Flap Q I 
I 

I I x  Y 

I I 
I 0.0000 I -1.3900 I 

I 0.8058 I -1.3900 I 

I 1.1694 I -1.2436 I 

! 1.2968 I -1.0962 I 
I 

I 1.5000 I -0.9729 I 

I 3.0000 I -0.5000 t 
I I I 
I 3.7630 I -0.7406 I 

I I I 

I I I 

I I I 

I I 

I I I 

I I I 

I I 

I Lower Flap 0 I 
i I 

I I I 

I 

I I I 

I I I 

I I x  Y 

I 0.0900 I -1.3900 I 

I 0.8058 I -1.3900 I 

I 1.1694 I -1.2436 I 

I 1.2968 I -1.0962 I 

I 1.5000 f -0.9729 I 

I 3.0000 I -0.5000 I 

I 4.5860 I -1.2396 I 

I I 1 

I I I 

I I I 

I 1 I 

I I I 

I I I 

I 1 I 
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TABLE AI.- Continued 

I I 

I 

I I 

I I Lower F l a p  R I Lower F l a p  S I 
I I I 

I I I I I 
8 -  - 

I 
I I I 

I x  Y I x  Y I 

60 

I I I 

I I I 
t 0.0000 I -1.3900 I 
I 
I 0.8058 I 1.3900 I 

I 1 .1694 I -1.2436 I 

I 1.2968 I -1.0962 I 
I 
I 1 S 0 0 0  I -0.9729 I 

I 3.0000 I -0.5000 I 

I 5.5750 I -1.3119 I 

I I I 

I I I 

I I I 
I 

I I 

I I I 

I I I 

I 

I 

I 0.0000 
i 

I 0.3685 
I 
I 

1 0.7221 
i 

t 1.1900 
I 
I 

I 1.5000 
i 

I 3.0000 
I 
I 

I 4.6690 

I I 

I I 

I -1.3900 I 

I -1.3900 I 
I 

I -1.2436 I 

I -0.7757 I 

I -0.6312 I 

I -0.5000 I 

I -1.0262 I 

I I 

I 

I I 

I I 

I I 
I 

I I 

I I I I I I 

I I 

I 

I I 

I I I 

I 

Lower F l a p  T I 

I I x  Y 
I 

I 

I 0.0000 
i 

t 1 .3245 
I 
I 1.5745 
I 
I 3.0000 

I 4.6690 

I 

I 1 

I I 

I -1.3900 I 

I -1.3900 I 

I -1.3230 I 

I -0.5000 I 

I -1.0262 I 

1 I 

I I 

I I 

I I 

I I I 

I 

I 

I I 

I I 1 

I 

I I I 

I I I 

I 
Lower F l a p  U I 

I I x  Y 

I 0.0000 I -1.3900 I 

I 0.4486 I -1,3900 I 

I 0.8022 I -1.2436 I 
I 

I 1.2125 I -0.8333 I 
I I 
I 1.5000 I -0.6913 I 

I 2.8677 I -0.5088 I 

I 3.0000 I -0.5000 I 
I I 

I 3.2096 I -0.5222 I 

I 5.4445 I -1.0013 I 

I I I 

I I I 

I I 

I 1 

I I I 

I I I 

I I 

I I I 

I I I 
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TABLE A I .  - Continued 

I I 
I Lower F lap  V I 

I 

I x  Y 

I 

I I I 

I 

I 1 I 

I I I 

I 

I 0.0000 I -1.3900 I 
I I 
I 0.9174 I -1.3900 I 

I 1.1475 I -1.3339 I 

I 2.5398 I -0.6122 I 

I 3.0000 I -0.5000 I 

I 3.4321 I -0.5982 I 

I 5.2546 I -1.4714 I 

I I 

I I I 

I I I 

I I I 

I I I 
I 

I I I 

I I I 

I I 
I Lower F lap  X I 
I I 

I I I 

I I 

I 1 
I x  Y 
I 

I 
I 0.0000 I 71.3900 I 

I 1.9028 I -1.3900 I 

I I 

I I I 

I i i i 

f 2.2564 I -1.2436 I 

I 3.0000 I -0.5000 I 

I 4.6445 I -1.0985 I 

I I I 

I I I 
I I 

1 I 

I Lower F l a p  W I 
I I 
I 

I I I 

I I 

I I 

I I I 

I x  Y 
I 

I 0.0000 I -1.3900 I 
I 
I 0.7473 I -1.3900 I 

I 1.1009 I -1.2436 I 

I 1.2968 I -1.0477 I 

I 1.5000 I -0.9244 I 

I 2.6933 f -0.5463 I 

I 3.0000 I -0.5000 I 

I 3.3305 I -0.5562 1 

I 4.6517 I -1.0189 I 

I 1 

I I 1 

I 1 I 

I I I 

I I I I 

I I I 

I I I I 

I I I 

1 I 
I 

I 

I I I 

I I 

I I 

Lower F l a p  Y I 

I 
I x  Y 
I I I 

I 

I I 1 
I I 

I 0.0000 I -1.3900 I 

I 2.1165 I -1.3900 I 

I 2.5261 I -1.1768 I 

I 3.0000 I -0.5000 I 

I 4.6445 I -1.0985 I 

I I I 

I I I 

I I I 

I I I 
I 

I I 1 I I I I 
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TABLE AI.- Concluded 

I I 

I Lower F l a p  Z I 
, 
i i 
I I I 

I 

I 1 I 

I I 

I Y I x  I 

I 
I 0.0000 I -1.3900 I 

I 1.9028 I -1.3900 I 
I 
I 2.2564 I -1.2436 I 
1 
I 3.0000 I -0.5000 I 
I 
I 4.6904 I -0.9529 I 

I I I 

I I 

I 1 

I I 

I I I 

I I 

I 

I 

I I I 

I Lower F l a p  fifl I 
I 

I x  I Y I 

1 I 

I 0.0000 I -1.3900 
I 
I 2.1165 I -1.3900 

I 2.5261 I -1.1768 

I 

I I 

I I I 

I 3.0000 I -0.5000 I 

I 4.6904 I -0.9529 I 

1 I I 
I 

1 I I 



TABLE AI1.-  INTERNAL GEOMETRY OF UPPER FLAPS 

1 I I I 

I Upper Flap 01 I I Upper Flap 02 I 
I I 

I I I 
I 

I 

I I I 

I I I 

I I x  Y 

I 

I 0.0000 I 1.3900 I 
I I 
I 0.4574 I 1.3900 I 

I 0.8110 I 1.2436 1 

I 1.2125 I 0.8421 I 

1 1.5000 I 0.7001 I 

I 3.0000 I 0.5000 I 

I 3.9888 I 0.3505 I 

I 

I I I 

I ; I 

I I I I 

I I I 

I I I 

I 

I I I 

I 

I I I 

1 I I 

I 

I I x  Y 
I 

f 0.0000 I 1.3900 I 

I 0.4574 I 1.3900 I 

I 0.8110 I 1.2436 I 

I 1.2125 I 0.8421 I 

I 1.5000 I 0.7001 I 

I 3.0000 I 0.5000 I 

I 3.9373 I 0.1514 I 

I I I 

I I I 

I I I 
I 

I I I 
I 

I 1 I 

I I I 

I I I I I I 

I I 

I Upper Flap 03 I 
I 

i I 

I I I 

I I 

I I I 
I 

I I 

I x  I Y I 

I 
I 0.0000 1 1.3900 I 
I I 
I 0.4574 I 1.3900 I 

I .  
I 0.8110 I 1.2436 : 

I 
1 1.2125 I 0.8421 I 

I 1.5000 I 0.7001 1 
I 
I 3.0000 I 0.5000 I 

I 3.9997 I 0.5244 I 

1 

I I 

1 1 

I I 1 

I I 

I I I 

~ ~~ 

I 1 
I 

I Upper Flap 04 I 
I I 

I I I 

I I 

I I 

I I I 

I x  Y 
I I 

I 0.0000 I 1.3900 1 
I 
1 0.4574 I 1.3900 I 

I 0.8110 I 1.2436 I 

I 1.2125 I 0.8421 I 

I 1.5000 I 0.7001 
I 

I 3.0000 I 0.5000 I 

I 3.9836 I 0.3195 I 

I I 

I I I 

I I I 

I I I 
I 

I I 

I I 1 

I I I I I I I 

63 



TABLE A I 1 . -  Continued 

I I I 

I 

I I 

I I 

1 

I I I 

I 

I Upper F l a p  05 I 

I 
I I x  Y 

I I 
I 0.0000 I 1.3900 I 

I I 

I Upper F l a p  06 I 
I 

I 
I x  Y 

I 

I I 

I I 

I I I 

I I I 
I 

I 0.0000 I 1.3900 I 
I 
I 0.4574 I 1.3900 I I 0.4574 I 1.3900 

I 0.8110 I 1.2436 I I 0.8110 I 1.2436 
I I 
I 1.2125 I 0.8421 I I 1.2125 I 0.8421 

I I I I 

I I I I I 

I I 
I 

I 

I I I I I 
I 

I 1.5000 I 0.7001 I 

I 3.0000 I 0.5000 I 

I 5.4719 I 0.1262 I 

I I I 

I I I 

I I I 

I 1.5000 I 0.7001 I 

I 3.0000 I 0.5000 I 

I 5.3432 I -0.3714 I 

I I I 

I 1 I 

I I I 

I I 

I Upper F l a p  07 I 
~ 

I I I 
I x  I Y I 

1 I I 

I I I 

I 0.0000 I 1.3900 I 

I 0.4574 I 1.3900 I 

I 0.8110 I 1.2436 I 

I 1.2125 I 0.8421 I 

I 1.5000 I 0.7001 I 
I I 
I 3.0000 I 0.5000 .I 

I 5.4993 I 0.5611 I 

I I I 

I I I 

1 I I 

I I I 

I 

I I 
I I 

I I I 

I I 

I Upper F l a p  08 I 
i i 
I I I 

I 

I 1 I 

I I x  Y 

I i i 

I 0.0000 I 1.3900 I 

I 0.4574 I 1.3900 I 

I I I 

i 

I 0.8110 

I 1.2125 

I 1.5000 

I 3.0000 

I 5.4589 

1 

I 

I 

I I 

I 

i 

I 1.2436 

I 0.8421 

I 

i 

f 0.7001 

I 0.5000 

I 0.0487 

I 

1 

I 

I 

I 
I 

I 

1 

I 

I 

I 

I 

I 

I 



TABLE AI1 . - Continued 

I 
: Upper  F l a p  09 I 

I 

I I 

I I I 

I I 

I 

I x  I Y 

1 

I 0.0000 

I 1.1611 

I 1.3912 

I 3.0000 

I 3.9888 

1 

I 

I 

I 

I I 

I I 
I 1.3980 I 

I 1.3980 I 

I 1.3339 I 

I 0.5000 I 
I 

I 0.3505 I 

1 I 

1 I 

I I 

I 

I I I 
I 

I I 

I Upper  F l a p  1 1  I 
I I 

I I I 

I 

I I I 

I I x  Y 

1 I I I 

I 0.0000 I 1.3900 I 

I 1.1611 I 1.3900 I 
I I I 

i i I 

I 1.3912 I *1.3339 I 
I 
I 3.0000 I 0.5000 I 
I 
I 3.9997 I 0.5244 I 

I I 

I I 

I I I 
1 -  I 

I I 
I Upper  F l a p  10 I 
I I 

I I I 

I 

I I I 

I I 

I I x  Y 

I 
I 0.0000 I 1.3900 I 

I 1.1611 I 1.3900 I 

I 1.3912 I 1.3339 I 
I 

I 3.0000 I 0.5000 I 

I 3.9373 I 0.1514 I 

I I I 
I 

I I I 
I 

I I 

I I I I 

I I I 

~~ 

I 
I Upper  F l a p  12 I 

I 

I 1 

I I I 
I 

I 

I I I 

I I I 
I I 

I I x  Y 

1 0.0000 I 1.3900 I 
I 

I 1.1611 I 1.3900 I 

I 1.3912 t 1.3339 I 

I 3.0000 I 0.5000 I 

I 3.9836 I 0.3195 I 

I I 

I I I 

I I 1 
I 

I I I 

I I I 
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TABLE AII.- Continued 

I I 

I Upper F lap  13 I 
I I 

i I i 
I I 

1 I 

I I I 

I x  Y 
I 

I 0.0000 I 1.3900 I 

I 1.1611 I 1.3900 I 

I 1.3912 I 1.3339 I 

I 3.0000 I 0.5000 I 

I 5.4719 I 0.1262 I 

I I I 

I I 1 

I I I 

I I I 

I I I 

~ ~~ ~ 

I I 
I Upper F l a p  14 I 

I I 

I I I 

I I x  Y 
I 

I 

i 

I 0.0000 

I 1.1611 

I 1.3912 

I 

I 

i 

I 3.0000 

I 5.3432 
I 

I 

I 

I 

1 

I 

I 

I 

I 

I 

I 

I 
1 

I 

I 

1.3900 I 

1.3900 I 

I 

i 

1.3339 I 

0.5000 I 

I 

1 
i 

-0.3714 I 
I I I 

I 1 

I Upper F lap  15 I 
I I 

I I I 

I I I x  Y 
I 1 I 

1 I I 

I 0.0000 I 1.3900 I 

I 1.1611 I 1.3900 1 

I 1.3912 I 1.3339 I 

I 3.0000 I 0.5000 I 
I 

I 5.4993 I 0.5611 I 

I I I 

1 I I 

I I I 

I I 

I I I 

I I 

I Upper F l a p  16 I 
I 

I 
I x  Y 

I 

I I 

I I 

I I 1 

I I I 
1 .  

I 0.0000 I 1.3900 I 

I 1.1611 I 1.3900 I 

I 1.3912 I 1.3339 I 

I 3.0000 I 0.5000 I 

I 5.4589 I 0.0487 I 

I I I 
I 

I I I 

I I I 
1 

I I I 

I I I 



TABLE AI1.- Continued 

I I 

I Upper F l a p  17 I 
I 

I x  Y I 

I 
I 0.0000 I 1.3900 I 

I 0.8058 I 1.3900 I 

I 1.1694 I 1.2436 I 

I 1.2968 I 1.0962 I 

I 

I I I 
I 

1 

I I I 

I I 

I I I 

I I I 

I I I 

i i I 

I 1.5000 I 0.9729 I 

I 3.0000 I 0.5000 I 

I 4.7489 I 0.4389 I 

I I I 

1 I I 
I 

I 1 I 

~ 

I 
I Upper F l a p  19 I 

I 

I I 

I I I 

I 

I I I 

I I I 
I 

I I x  Y 
1 -  

I 0.0000 I 1.3900 I 
i I 

I 0.8058 I 1.3900 

I 1.1694 I 1.2436 

I 1.2968 I 1.0962 

I 1.5000 I 0.9729 
I 

I 3.0000 I 0.5000 

I 4.6839 I 0.0235 

I I 

I I 

I I 

I 

I I 

i 
I 

I 

I 

I 
I 

I 

I 

I 

I 

I 

I 

I I I 

I I 

I Upper F l a p  18 1 
I I 

I I 1 

I 

I I I 

I 1 I 

I I x  Y 

I 0.0000 I 1.3900 I 

I 0.8058 I 1.3900 ; 
I 

I 1.1694 I 1.2436 

I 1.2968 I 1.0962 I 

I 1.5000 I 0.9729 I 

I 3.0000 I 0.5000 I 

I 4.6735 I -0.0117 I 

I I I 

I I 

I I I I 

I I 1 

1 I I 

I I I 

I I I 

I I 

I Upper F l a p  20 I 

I I I 

I 

I I I 

I I I 

I I x  Y 

I 0.0000 I 1.3900 I 

t 0.8058 I 1.3900 I 

1'1.1694 I 1.2436 I 

I 1.2968 I 1.0962 I 

I 1.5000 I 0.9729 I 

I 3.0000 I 0.5000 I 
I 

I 4.7473 I 0.4023 I 

I I I 

I I I 

I I I 

I I I 
. I  

I I I 

I I 

I I I 
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TABLE AI1.- Continued 

I I 

I Upper F lap 21 I 
I I 

I I I 

I 

I I I 

I I I 

I I x  Y 

I 0.0000 I 1.3900 I 

I 0.8058 I 1.3900 I 

I 1.1694 I 1.2436 I 

I 1.2968 I 1.0962 I 

I 1.5000 I 0.9729 I 

I 3.0000 I 0.5000 I 
I 
I 3.7890 I 0.3680 I 

I I I 

I I I 

1 I I 

I I I 

I I I 

I I 

I I I 

I I 

I 

I I 

I I I 

I 

I I I 

I I I 

Upper F l a p  22 I 

I I x  Y 

I 0.0000 I 1.3900 I 

I 0.8058 I 1.3900 I 

I 1.1694 I 1.2436 I 

I 1.2968 I 1.0962 I 

I I I 

I I I 

I 1 I 

i i i 

I 1.5000 I 0.9729 I 

I 3.0000 I 0.5000 I 

I 5.6630 I 0.0544 I 

I I I 

I I I 

I I I 

I I I I 

I I Upper F lap  23 I Upper F l a p  24 I 

I 

I I I I 

I I I I I 

I I I I I x  I Y I x  Y 
I I I 

I I 
I I 
I 0.0000 I 1.3900 I 

I 0.3685 I 1.3900 I 

I 0.7221 I 1.2436 I 

I 1.1900 I 0.7757 I 
I 
I 1.5000 I 0.6312 I 
I 
I 3.0000 I 0.5000 I 

I 4.7260 I 0.2112 I 

I I I I 

I I I 

I I I 

I I 

I I 

I I I 

I I 

t 0.0000 I 1.3900 

I 1.3245 1 1.3900 
I 

I 1.5745 I 1.3230 

1 3.0000 I 0.5000 

1‘4.7260 I 0.2112 

1 I 

I 

I I 

I I 

I I I 

I 

I 
1 

I 

I 

I 

I 

I 

I 

I 

I 

I I I 



TABLE AI1 . - Concluded 

I I 
I Upper Flap 25 I 

- ~~ 

I I 

I Upper Flap 26 I 
I I I 

I I I I I 

I I I 

I I I I I 

I 

I 

I 

I 

Y I x  Y I x  

I 

I 0.0000 

I 0.8058 

I 

I 
I 

I 1.1694 
I 

1 1.2968 

I 1.5000 

I 

I 

I 3.0000 
I 
I 

I 4.7260 

I 

i 1.3900 

I 1.3900 

I 1.2436 

I 

I 

i 

I 1.0962 
I 
I 0.9729 
i 

I 0.5000 

I 0.2112 

I 

I 

I 

I 

I 

I 

I 

1 

I 

I 

I 

I I 

I 0.0000 I 

I 1.9028 I 

I 2.2564 I 

I 3.0000 I 

I 4.7234 I 

1 I 

I I 

I I 

I I 

1.3900 

1.3900 

1.2436 

0.5000 

0.1961 

I 

I 

I 

I 

I 

I 

1 

I 

I 

I 

i I 
1 

I I I 1 

I 

I 

I 

I I 

I Upper F l a p  27 I 
I I 

I I I 

I x I Y  I 

I I I 

I I 1 

I 0.0000 I 1.3900 I 

I 2.1165 I 1.3900 I 

I 2.5261 I 1.1768 I 

I 3.0000 I 0.5000 I 

I 4.7234 I 0.1961 I 

I I I 

I I I 

I I 1 

I I I 

I I I 
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APPENDIX B 

INTERNAL STATIC PRESSURES FOR ALL CONFIGURATIONS TESTED 

The in t e rna l  s ta t ic  pressures  a r e  presented i n  t a b l e  B I  €or configurat ions A o l F  
t o  A05H and i n  t a b l e  B I I  for configurat ions C05H t o  C27AA. The r a t i o  of  l o c a l  s ta t ic  
pressure  t o  j e t  t o t a l  pressure is  presented as a funct ion of nozzle pressure  ratio 
and ax ia l  locat ion.  
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